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We study the case of a di-bottomonium bbb¯b¯ particle at the LHC. Its mass and decay width are
obtained within a new model of diquark-antidiquark interactions in tetraquarks. The same model
solves several open problems on the phenomenology of the experimentally better known X,Z states.
We show that the bbb¯b¯ tetraquark is expected approximately 100 MeV below threshold, and compare
to a recent analysis by LHCb seeking it in the Υµµ final state.
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INTRODUCTION
Very recently the LHCb collaboration presented an in-
triguing analysis seeking the bbb¯b¯ exotic meson in the
Υµµ final state [1]. No observation was made. This seems
to contradict some preliminary results (not yet approved)
from the CMS experiment, claiming an indication for the
existence of such particle [2], with a global significance of
3.6σ and a mass around 18.4 GeV. This would set it at
500 MeV below the ΥΥ threshold.
The possible existence of a bbb¯b¯ state has already been
considered in a fair number of theoretical papers [3–12].
Some of these works pointed out that the attraction in
the bb diquark may be so strong as to make the double b
tetraquark stable under strong interaction decays. Dou-
ble charm and beauty tetraquarks have been considered
in [13–15] and, more recently, in [16] and [10, 17–19]. The
presence of tetraquarks in the double charm or beauty
channel is also indicated in a number of non-perturbative
approaches such as the Heavy Quark-Diquark Symme-
try [20–22], lattice QCD — see e.g. [11, 23] and refer-
ences therein — and the Born-Oppenheimer approxima-
tion, see [24] and references therein.
The observation/absence of this exotic resonance is
very informative on the nature of the so-called XYZ
states, made of four quarks, as observed at lepton and
hadron colliders in the past decade [25–28].
The debate about the internal structure of these par-
ticles has been quite lively and cannot be considered as
settled yet. We believe that, rather than being kinemat-
ical effects [29] or meson molecules [28], most of these
objects are compact tetraquark states [30].
In this paper we estimate the mass and the total width
of an hypothetical bbb¯b¯ state in a new compact tetraquark
model, which we use to understand the properties of the
best known X and Z resonances.
We conclude that the bbb¯b¯ state that we predict could
hardly be detected by LHCb, whereas it it is unlikely for
it to be observed in a Υµµ final state with the current
CMS sensitivity (tens of pb [31]). We make an assump-
tion on its prompt production cross section and comment
on how its detectability depends on the main parameter
of the model presented here.
BACKGROUND FACTS ON X,Z RESONANCES
Soon after the first attempts to understand the XYZ
states in the framework of the constituent quark model
and SU(3), it was realized that a description in terms of
diquark-antidiquark states could be rather efficient at re-
producing their spectra, provided that spin-spin interac-
tions among quarks are confined within the diquarks [30].
Moreover, the X and Z resonances, made of two heavy
and two light quarks, decay more promptly into open
charm/beauty meson, rather than into quarkonia.
Both these aspects cannot be immediately understood
from the viewpoint of the constituent quark model.
It was also shown that the correct mass splitting be-
tween radial excitations of tetraquark states is repro-
duced well assuming that the diquarkanium potential is
purely linear with distance [32], with little role of the
Coulomb term at short distances.
Another striking fact was observed in [33]. The to-
tal widths of the X and Z resonances seem to follow
rather well a Γ = A
√
δ behavior, where δ > 0 is the mass
difference between the tetraquark and the closer, from
below, meson-meson threshold having the same quantum
numbers. The X(3872) and the four resonances Z(′)c , Z(′)b
are all found, experimentally above their related meson-
meson thresholds (D0D¯∗0 for the X, etc.). The inter-
esting point, not fully appreciated in [33], is that the
constant A ' 10 MeV1/2 fitted from data, is the same
for charmed and beauty resonances (see Fig. 1) — some-
thing that cannot be reconciled with simple phase space
arguments.
In this paper we solve all the the previous issues with
an assumption on the inter-diquark potential: that the
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FIG. 1. Comparison between the experimental values of δ
and Γ for the XZ resonances and the Γ = A
√
δ law. All the
ground state tetraquarks fit the curve remarkably well, with
a value of the fitted parameter A = 9.4 ± 1.5 MeV1/2 [33]
common to both the charm and beauty resonances. We also
report the expected with of the Z(4430), which is underesti-
mated with respect to the observed one. Indeed, being the
Z(4430) an excited state, the decay towards a ground state
tetraquark (rather than a meson pair) is also available.
diquark-antidiquark pair is separated by a repulsive bar-
rier. To the best of our knowledge this possibility was
first sketched in [34] and further considered in [35].
In our approach the suppression of the contact spin-
spin interactions outside the diquarks is simply due to
their spatial separation. The preferred decay into open
flavor mesons rather than quarkonia is also understood:
the barrier tunneling of heavy quarks is suppressed with
respect to that of light quarks. Moreover, the marginal
role of the Coulomb term in the diquarkonium potential,
discussed in [32], is explained by the fact that, at short
distances, the potential is dominated by the repulsive
barrier.
Finally, this picture allows to compute A (in Γ = A
√
δ)
for very reasonable parameters of the model and to ex-
plain under which conditions it turns out to have the
same value for both the charm and beauty resonances.
This is obtained if the size of the tetraquark in the beauty
sector, is slightly smaller than that in the charm one,
which agrees with the standard quarkonium picture.
This idea has also important consequences on the de-
cay properties of the charged partners of the X [35], mak-
ing them particularly elusive.
QUASI-COMPACT DIQUARK-ANTIDIQUARK
STATES
When three quarks are produced in a small enough
phase space volume, there is only one way to form a color
singlet, i.e. a baryon, ijkqiqjqk. Similarly, a quark-
antiquark pair can neutralize the color in only one way,
as in a meson, qiq¯i. More alternatives arise for a number
of quarks/antiquarks larger than three. In the case of two
quarks and two antiquarks, one can form two mesons or
a color neutral diquark-antidiquark pair, [q1q2]i[q¯3q¯4]i.
In general, the quantum state describing two quarks
and two antiquarks is a statistical admixture of these
two alternatives, with probabilities which cannot be com-
puted from first principles.
A special case, particularly relevant in phenomenology,
is that of QQ¯qq¯ ′ where Q = c, b and q(′) = u, d, s.
The energy stored in (the center of mass) of this four
quark system can be distributed to form a diquark-
antidiquark bound state at rest, with mass
E = m˜1 + m˜2 −B +HI , (1)
where B > 0 is (minus) the binding energy between the
diquarks of masses m˜1,2, and HI is the spin-spin Hamilto-
nian with interactions confined within the diquarks [30]:
HI = 2κQq
(
SQ · Sq + SQ¯ · Sq¯′
)
. (2)
We assume however that, unless prevented by some
mechanism, this state would immediately fall apart into
a meson-meson pair with same energy
E = m1 +m2 + δ , (3)
where m1,2 are the final meson masses. If instead two
mesons are directly formed out of the four quark system,
the same two free mesons will eventually be observed,
without forming any molecule. This is even more true
if the two mesons recoil with sufficiently high reletive
momenta, as discussed in a number of papers — see [36–
39] and [40] for a comparison to data.
For example, a compact spin one and positive parity
tetraquark like the X(3872), should simply fall apart into
a free DD¯∗ or J/ψ ρ pair by spontaneously rearranging
its internal color configuration.
From what just said, there is no space for narrow res-
onances with the quantum numbers of four quarks.
There is another possibility though. As commented in
the Introduction, the diquarks could be produced at some
large enough relative distance from each other — region
I in Fig. 2. A potential barrier between diquarks could
make the tetraquark metastable against collapse and fall
apart decay, which happens if one of the quarks tun-
nels towards the other side. (Provided that the diquark-
antidiquark system has a binding energy below the height
of the barrier.) This suppression of the decay into pairs of
mesons is also envisaged in the 1/N QCD expansion [41–
45].
When close in space, the two diquarks see each other
as color dipoles rather than point-like sources. On the
one hand, the attraction between quarks and antiquarks
tends to disintegrate the diquarks. On the other hand,
in order to do that, the diquark binding energy must
be overcome. These effects increase when the separation
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FIG. 2. Potential between diquarks as a function of their
distance. Here b = (V0 − B)/ν is the classical turning point.
The diquark-antidiquark pair is produced in region I. If a
quark tunnels through the barrier or if E > 0, color can be
rearranged and the state decays into a meson pair.
decreases and produce a repulsion among diquark and
antidiquark, i.e. a component in the potential increasing
at decreasing distance. If this effect wins against the de-
crease due to the color attraction, it will produce the bar-
rier in region II of Fig. 2. When the diquark-antidiquark
pair is instead separated by a larger distance, a strong
attraction is felt between the point-like 3¯ and 3 color
sources 1.
Note that the potential barrier also suppresses the mix-
ing of the tetraquark with a molecular state, which would
require the quark-antiquark pair to be close in space.
A SIMPLE MODEL FOR THE
DIQUARK-ANTIDIQUARK REPULSION
In what follows we propose a simple model to work
with the conjecture of diquarks segregated in space. As
already anticipated, we assume that the inter-diquark po-
tential is given by a repulsive barrier of width `, beyond
which it takes the form
V (r) = ν(r − `)− V0 for r > ` , (4)
with no Coulomb term, and ν = 0.25 GeV2, as obtained
from 2S − 1S and 2P − 1P mass splittings in the charm
sector [32]. The absence of the Coulomb term is inter-
preted to be due to the dominance of the barrier at short
distances, see Fig. 2.
1 A tetraquark could also be thought as a bound state of a 6 di-
quark and a 6¯ antidiquark. However if the 6, 6¯ color channels are
repulsive, as in the one-gluon-exchange, the argument presented
above is not applicable. There is no binding energy to pay to
disintegrate the diquark. We might then simply conclude that
6-6¯ states also convert freely into pairs of mesons.
The potential is defined up to a constant V0, which
we take in a way that allows to express the mass of the
states in the form of Eq. (1), with B taken (negatively)
from E = 0 2. Given that the spin-spin correction for the
[cq] diquark is κcq = 67 MeV [25], to reproduce both the
masses 3 of the X(3872) and the Z(4430), we need V (c)0 =
0.76 GeV, giving a binding energy Bc = 0.021 GeV. This
represents the negative gap with respect to the height of
the barrier. Above the barrier the diquark-antidiquark
system falls apart into an open charm/beauty pair.
In the beauty sector the observed mass splitting be-
tween the first radial excitation of the bottomonium and
its ground state is almost the same as in the charm sec-
tor. We expect this to occur in diquarkonia as well. This
leads to retain the same value for ν as given above. In
order to get the right mass for the Zb(10610), we need
Bb ' Bc , (5)
which fixes V (b)0 = 0.55 GeV. There are no data on radial
excitations, so this is the best we can do with parameters
and data at hand.
Given the potential (4), a bound state at E = −B is
allowed if∫ b
0
dr p(r) =
(
n+ 34
)
pi , b = (V0 −B)/ν (6)
with n = 0, 1, 2, . . . and p(r) =
√
2m(E − V (r)). In the
charm case for n = 0 we find Bc = 0.026 GeV, which is
indeed in very good agreement to what needed to repro-
duce the mass of the X(3872) — see above.
The average distance of the diquark from the barrier
will then be R¯ ' b/2, and the total radius of the system
R ' R¯+ ` = V0 −B2ν + `. (7)
TETRAQUARK LIFE-TIME: THE δ > 0 CASE
Consider the one-to-two decay α → β in which the
initial state α is the diquark-antidiquark pair with a spa-
tial separation as in region I, whereas β is the final free
meson pair. The barrier in II is what makes the diquark-
antidiquark system metastable, as observed.
The matrix element of the α→ β decay is given by the
barrier transparency T at II. In this picture, the rate of
2 If V0 were set to zero, then Eq. (10) would contain the difference
between the binding energy and the top of the barrier.
3 M(X(3872)) = M(1S) − κcq and M(Z(4430)) = M(2S) − κcq
where M(1S),M(2S),M(2P ), . . . are related to the eigenvalues
of the Schro¨dinger equation with the potential (4), e.g. M(1S) =
2m˜c − Bc(1S) — see (1). We refer to Bc,b as to the binding
energies in the c, b systems.
4the α→ β process corresponds essentially to the observed
total width of the X,Z resonances [25].
The differential rate is [46]
dΓ
dΩ(α→ β) =
2pi
R
|Mβα|2 k
′E′1E
′
2
E
, (8)
whereR has been estimated in the previous Section. Here
k′ =
√
λ(E2,m21,m22)
2E , E
′
1,2 =
E2 −m22,1 +m21,2
2E ,
and λ(x, y, z) is the Ka¨lle´n triangular function.
In our model the matrix element is given by
|Mβα|2 = T2m˜(m1 +m2) . (9)
The denominator comes from the normalization of the
incoming and outgoing states. The barrier transparency
factor is (the current density beyond the barrier)
T = exp
(
−2`
√
2MB
)
, (10)
where M is the mass of the tunneling particle and ` the
barrier width in Fig. 2, region II.
The light quarks in the diquarks can tunnel through
the barrier and hence produce the decay of the
tetraquark. When that happens, nothing prevents the
color to rearrange the system spontaneously into a
meson-meson state. The tunneling of heavy quarks is
just less probable.
Taking, as in Eq. (3)
E = Eα = Eβ = m1 +m2 + δ ,
with δ > 0 and δ  m1,m2, as suggested by experimen-
tal observation [33], we get
Γ ' 2pi
2
R
(2µ)3/2
m˜(m1 +m2)
T
√
δ , (11)
with R given in (7) and µ being the reduced mass of the
meson-meson system.
For our purposes it is convenient to use the simple
approximation m1 ' m2 = m so that, when the light
quark tunnels through the barrier (M = mq), we get 4
Γ ' pi
2
R
√
m
m˜
T
√
δ ≡ A(m, m˜,B, `)
√
δ , (12)
where A is the same parameter defined in [33].
4 The width of a particle of mass E as in (3) decaying in two
particles of mass m would be Γ ' m−3/2√δ using the same
approximations. This formula would give very different results
for beauty and charm tetraquarks.
The masses in the prefactor A(m, m˜,B, `) change
markedly when passing from tetraquarks with beauty to
charmed ones, retaining the same mq. We know however
that data on X, Zc and Zb total widths can be fitted very
well with the same constant A ' 10 MeV1/2 [33].With a
constituent light quark mass mq = 308 MeV and a bind-
ing energy of Bc = 0.021 GeV (see above), we obtain
the fitted value for A if the width of the barrier and,
consequently, the total size of the state are
`c ' 1 fm , Rc ' 1.3 fm. (13)
We also use here m˜c(≡ m[cq]) = 1.98 GeV [32] and the
average value mD = 1.94 GeV for D mesons. All these
numerical values are quite reasonable. The new thing
is that Rc ' 1.3 fm suggests a separation in space of
the two diquarks, making the state slightly larger than a
standard hadron.
Is it reasonable to obtain the same value for A in the
beauty sector as well? Given the average B meson mass
mB = 5.30 GeV, the diquark mass m˜b = 5.32 GeV [47]
and given Bb ' Bc (see Eq. (5)), one finds that this is
possible provided that
`b ' 0.8 `c , Rb ' 1 fm . (14)
The proportionality constant between Γ and
√
δ can
therefore be the same for charmed and beauty states,
for the binding energies found above and if the beauty
tetraquark is somewhat smaller than the charmed one,
as it is natural to expect.
THE bbb¯b¯ DI-BOTTOMONIUM
The state searched by LHCb [1] might present interest-
ing consequences. If a X,Z-like state were to be discov-
ered below the closest meson-meson threshold with given
quantum numbers there would be two options: i) a rather
small negative binding energy with respect to threshold
could lead to a hadron molecule interpretation, ii) a neg-
ative binding energy of 10 MeV or larger would speak
in favor of a standard compact tetraquark, of the same
kind as those above threshold discussed in the previous
Sections.
Consider the tetraquark T = [b¯b¯]s=1[bb]s=1, where the
diquark spins are fixed by symmetry. There are no open
beauty thresholds available for this state. The short dis-
tance barrier picture described above would still suggest a
rather narrow width for the decay T → Υ(1S)Υ(1S)∗ →
4` , which is the most accessible experimentally. Another
possible decay is T → ηb(1S)ηb(1S)∗ → hadrons, with
in principle more phase space than the previous one, al-
though way more challenging on the experimental side 5.
5 Diquarks are attractive in the antisymmetryc color antitriplet.
5As explained in (1), the mass of this state will be
mT = 2m˜bb −B − κbb . (15)
Since the chromomagnetic couplings are inversely pro-
portional to the quark masses [48], κcq ' 67 MeV and
κbq ' 10 MeV [47], we assume κbb ' 0. We also notice
that the mass of the charm diquark, m˜c, is some 50-100
MeV heavier than the same flavor meson, while m˜b is only
30 MeV above it. We then make the further assumption
m˜bb ' mΥ.
The typical energy scale of the problem is the mass of
the beauty. Hence we compute B determining the ground
state in the same potential introduced in the previous
section, but for bb diquark masses. The binding energy
is found to be B = 0.113 GeV, thus predicting the mass
of the bbb¯b¯ tetraquark around
mT ' 18.8 GeV . (16)
For this tetraquark we allow for smaller sizes `b of the
potential barrier.
Can this resonance be seen in the Υµµ final state given
the current sensitivity [1, 2]? The three-body decay rate
is written as 6
dΓ(T → Υµµ) =
∫ smax
smin
dsBW (s)
√
p2Υ∗ +m2Υ
p2Υ∗ + s
× dΓ(Υ
∗ → µµ)
Γ(Υ∗ → all) dΓ(T → ΥΥ
∗) .
(17)
Here smin = 4m2µ and smax = (mT −mΥ)2, and BW (s)
is the Υ Breit-Wigner distribution. The T → ΥΥ∗ rate
is computed as in Eq. (8) using m˜ = m˜bb, m1 = mΥ
and m2 =
√
s. The decay is due to the tunneling of the
beauty quark through the barrier.
The LHCb collaboration reported upper bounds on
S = σ(pp → T )B(T → Υµµ)B(Υ → µµ) [1]. Although
the production cross section for the bbb¯b¯ is unknown, we
can reasonably assume for it to be similar to the one for
the production of a pair of Υ, σ(pp → T ) ' 69 pb [31].
One could also take the production cross section to be
of the same order as that of the X(3872), i.e. σ(pp →
T ) ' 30 nb [25, 36]. The X is so far the only tetraquark
observed in prompt production.
Integrating Eq. (17) over the momenta of the final par-
ticles, we compute S as a function of the size of the poten-
tial barrier and for a total width of the di-bottomonium
Given the symmetry in flavor, s = 1 is required. If L = 0, overall
T could have total spin J = 2, 1, 0. In the simplest case J = 0
one can see that the probability to decay into ηbηb is 3/4 and 1/4
to decay into ΥΥ. This would be a rather interesting prediction
if only one could see ηb’s with the same eases with which Υ’s are
detected.
6 We checked that all our results are unchanged when the initial
configuration is considered as a two particle state.
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FIG. 3. Comparison between the experimental upper bounds
presented in [1] (black dashed line) and the predicted value
of S as a function of the size of the repulsive barrier. The
green and yellow bands correspond respectively to the 1σ and
2σ C.L., while the red band spans different widths of the
tetraquark. The red band corresponds to σ(pp→ T ) = 69 pb,
while the blue dot-dashed line to σ(pp→ T ) = 30 nb. These
results agree with [7]. A state 500 MeV below threshold [2]
would have an even smaller cross section.
between 1 keV and 10 MeV. In Fig. 3 we compare it
with the LHCb results. We find the partial width for the
T → Υµµ decay to be too small to be currently observed
at the LHC. If the bbb¯b¯ resonance were to be 500 MeV
below threshold, as suggested by the preliminary CMS
analysis [2], the decay rate would be further suppressed.
CONCLUSIONS
In this paper we propose a model to estimate masses
and widths of tetraquarks based on the conjecture of a
short range diquark repulsion in a compact tetraquark.
We assume that the two diquarks are separated by a po-
tential barrier of size `, and that the decay occurs when
one of the quarks tunnels through the barrier. The inter-
nal dynamics makes the tetraquarks slightly larger than
the corresponding mesons.
This solves a number of open issues:
1. the spin-spin interactions are confined within the
diquarks;
2. the tetraquark states decay more copiously into
open flavor mesons rather than quarkonia;
3. the mass splitting between the first radial
tetraquark excitation and its ground state is cor-
rectly reproduced assuming that the diquark po-
tential has negligible Coulomb term [32];
4. in [33] it was observed that tetraquarks follow the
curve Γ = A
√
δ with the same A for both beauty
and charm resonances.
6This picture allows to predict the mass of the di-
bottomonium state bbb¯b¯, currently under experimental
scrutiny [1, 2]. Our model predicts a state approximately
100 MeV below threshold, but whose decay into Υµµ is
unlikely to be observed at the LHC, as suggested by re-
cent LHCb results [1]. This dynamical picture also de-
termines the effective coupling presented in [10, 17].
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